The T matrix of a general deuteron breakup reaction induced by a low energy neutron is derived from the solution of the Faddeev equation with a realistic two·body local potential. The T matrix is represented.as the sum of a final state interaction and a quasi·free scattering terms. The energy spectra of proton in the reaction D(n, p)2n at the incident neutron energy 14.1 MeV are investigated by the use of the Argonne V14 and the Paris potentials. It is verified that the theoretical final state interaction peak at the forward laboratory angle 4.0 0 depends on the scattering length ann of two-body interaction. In general, the energy spectrum of proton in the reaction D(n, p)2n is represented as the sum of the final spin singlet state and the final spin triplet states of interacting neutron pair. § 1. Introduction
potential gives excellent agreements with the experimental data for Ay and iTll . The modified Paris potential is constructed by multiplying the adjustable parameter A by the tenth strength parameter glO of the triplet odd LS component. However, the original Paris potential has been used in this paper. Previously, GlOckle et aF) have made the charge-independence breaking (eIB) and the charge-symmetry breaking (eSB) forces from the Bonn B 8 ) potential and calculated the analyzing powers (Ay , iTll and T20) in elastic n-D scattering for various energies. Moreover, they have investigated a kinematically complete deuteron breakup reaction D(p, pn)n.
)
It is interesting to investigate not only the kinematically complete deuteron breakup reaction D(p, Pn)n but also the kinematically incomplete deuteron breakup reaction D(n, p)2n. The investigation of deuteron breakup processes induced by low-energy nucleon with the use of only the S-wave interactions has already been done by Oryu et aUO) and by Kloet and Tjon.ll) If higher partial waves are taken into account, we may expect to extract some information on local N-N interaction from the reaction D(n, p)2n.
In experiments, Koori l2 ) and Shira to et al.
13
) have measured the final state interaction (FSI) peak of the proton in the reaction D(n, p)2n for the incident neutron energy En=14.1 MeV at the proton laboratory angle 4.0° and analyzed the FSI peak through the Faddeev calculation. Their analyses have made use of a separable N-N interaction for S wave states and of the FSI theory by CahilJ.l4) According to their analysis, the scattering length 1 ann is -18.31 ± 0.22 fm.
On the other hand, Haight et aI.
1S
) have also measured the FSI peak of proton for the incident neutron energy En=13.98 MeV at the proton laboratory angle 1.6°. A sizable discrepancy in the FSI peak is observed between the experimental data by Shirato et aI. and by Haight et aI. In the analysis of Haight et aI., the theoretical results are normalized to fit to the experimental data. They have made use of Kloet'sll) method and estimated lann to be ~ -23 fm.
In this paper, we present the formulation of the T matrix for a general deuteron breakup reaction induced by the low energy neutron, starting with the Faddeev equation, and investigate the energy spectrum of proton in D(n, p)2n. It is shown that the FSI peak is mainly composed of the final spin singlet state of the interacting n-n pair. We adopt the Paris S ) and the Argonne V14 16 ) (A V14) potentials for the solution of the Faddeev equation. The former yields lann= -17.70 fm and the effective range lrnn=2.88 fm in the free n-n scattering and the latter lann= -23.70 fm and lrnn=2.78 fm. It is interesting to investigate how large difference this discrepancy leads to the FSI peak.
In the next section, starting with the Faddeev equation, the T matrix for a general deuteron breakup reaction induced by a low energy neutron is derived and then the energy spectrum of proton in the reaction D(n, p)2n is given as a summation of final spin singlet and triplet states of the interacting n-n pair. In § 3, the partial wave expansion of the T matrix is presented. In § 4, the present results of calculation with the use of the Paris and the AV14 potentials are shown, compared with the experimental data. In the final section, a summary and discussion of the present results are given. § (1) where the symbol P u denotes the exchange operator with respect to the particles i and j. These properties often appear in some kinds of state vectors. Now, in order to make the complete antisymmetric state vector of three-nucleon system, we must solve the following Faddeev equation, (2) where Go is the Green function of free three-body system and the operators ta, tp and tr are the two-body t operators for the three pairs of particles (2, Then, the complete antisymmetric state vector IXi ) which represents a scattering state is given as the following expression, (3) where the normalization factor 1/ j3 has been omitted in the above expression, as was done in Ref.
2). The first term on the right-hand side (rhs) of Eq. (3) represents the incident wave state and the second the outgoing wave state. In a general deuteron breakup reaction induced by a low energy neutron, the amplitude to find out a system in a final state should be also derived from the second term of Eq. (3) as well as the case of elastic scattering.
The final asymptotic state vector I ([Jf) is represented as the following expression,
The state F(i, (j, k)) implies that both states of the particle i and the pair particles (j, k) are in free states, but the state of the pair particles (j, k) must be antisymmetr ized with respect to the exchange of particles j and k. The normalization factor 1/ j3 has been again omitted in the expression (4).
The transition amplitude A(1) to find out a system in the final state IF(1) is given as follows,
Making use of the properties of the vectors Ix(n» (n=l, 2 and 3) and of the following notations, 2ta= ta(1-Pzs), etc., (7) we find that Eq. (6) can be reduced to the form, (8) Equation (8) can be reduced in a more compact form, if we make use of the vectors I U(n»(n=l, 2 and 3), Then, the vectors I u(n» must satisfy a set of equations,
and have the same properties as Eq. (1) with U in place of (/). By making use of these properties and Eq. (9), we can rewrite a set of equations (10), in a more compact form,
From the above equation, we have the amplitude A (I) to find a system of a channel in the final state,
The matrix T(l) for the deuteron breakup reaction is defined as the terms in the square bracket of Eq. (12), i.e., (13) The first term theoretically corresponds to the final state interaction term and the second the quasi-free scattering term. The factor 2 in front of the second term comes from the exchange effect of the nucleon pair (2,3). We call the matrix T(1) the transition matrix to a channel in the deuteron breakup reaction. In a similar way, we can make the transition matrices T(2) and T(3) to f3 and r channeis, respectively. The transition matrices T(2) and T(3) are numerically equivalent to the matrix T(1), because the scattering state IXi > has been completely antisymmetrized. Summing up the transition matrices T(l), T (2) and T (3) , and multiplying the square of normalization factor 1/3, we obtain a matrix whose elements have the same numerical values with the matrix T (1) .
Then the differential cross section for a general deuteron breakup reaction can be given as (14) where Ei and Ef are the total energies of three-body c.m. system in the initial and the final states, respectively. ~ implies the summation over final spin states and Vi is the velocity of incident neutron in the c.m. system. PI is the momentum of the outgoing particle 1 and Pa the relative momentum of the pair particles (2, 3) . Since the Vi and the PI are identical with the relative velocity and the relative momentum of the incident neutron to the centre of mass of deuteron, respectively, the expression (14) is invariant under the transformation of coordinate systems from the c.m. to the laboratory system of the three-body system. The expression (14) can be also applicable to a kinematically complete deuteron breakup reaction.
By assuming the same mass for all nucleons, we can represent the momenta PI and pa in the c.m. system by the momenta kI, k2 and k3 in the laboratory system, as follows, in 1i unit, (15) (16) Pa (17) where K; is the total momentum of three-body system and equal to the laboratory momentum of incident neutron.
The energies E; and Ef in the c.m. system are described by, respectively, in 1i 2 kN(2m), we have the energy spectrum of proton in the laboratory system for the kinematically incomplete deuteron breakup reaction induced by a low energy neutron D(n, p)2n, 
The first term on the rhs of the above equation comes from the final spin singlet state of interacting pair or total spin doublet states, and the second term from the final spin triplet states which include the total spin quartet and a part of total spin doublet states. We abbreviate, hereafter, as the final spin singlet state for the former and as the final spin triplet states for the latter. 
where C(ldi, mimj,jM)= (2~;1) (liotmil1i ~j;mi)<jim;lmjJjiljM>,
Ii={(li ~)h (laSa)ja, (ida)ir} ,

Sa=l, ja=l, la=O,2, ia=O. (25)
The coefficient C is the same as used in Ref.
2). In the above equation, z axis is chosen to the direction of incident neutron.
In practical calculation, we use the momentum representation of I u(n), fM, 1>, <],M'alu(n),fM, 1>.
However, this element can be written as 
where Pa represents the polar coordinate angles Oa and cPa of the vector pa measured from new z axis. 01 is the angle of the outgoing proton 1 measured from the incident neutron in the c.m. system. Then the T matrix for the reaction D(n, p)2n can be given as follows,
when~ L:' implies the summation over the quantum numbers Sa, ia, ra, i, f, M and M'.
G is written in terms of the Clebsch-Gordan coefficients, 
we can easily carry out the two·dimensional integration over the momenta P2 and pP in Eq. (31). § 
Energy spectrum of proton in D(n, p)2n reaction
In order to make the matrix T(l), we must, first of all, obtain a two-body off·shell t matrix. The t matrix is calculated from a realistic local potential. As the realistic local potential, the A V14 and the Paris potentials are assumed. The former potential leads to the low-energy parameters lann= -23.70 and Irnn=2.781 for the singlet even state. The latter leads to lann=-17.70 and Irnn=2.883. _ Then Eq. (26) is calculated. The region of integration over the momenta P2 and pp of the second term on the rhs in Eq. (26) is determined from the transf0rmation bracket <falff3), depending on the momentum Pl. The region of the momenta pp and P2 for the fixed momentum PI is determined from the following expression,
In the present calculation, the region of the momentum P2 is divided into five parts, i.e., (0, Po), (Po, pi-a), (pi-a, Pi+a), (Pi+a, s) and (s, P2max) , where Po and s are defined by
We have assumed 6.0 fml for P2max, and taken twenty-two Gaussian points for the first part, three points for the second, one point for the third, three points for the fourth and seven points for the fifth. With this choice, we performed the calculation of the T matrix for the reaction D(n, p)2n with the accuracy within the maximum relative Fig. l(a) . The dotted curve is the smeared prtoton spectrum using Koori's code. The experimental data are the same as in Fig. l(a) .
(b) The solid curve is the same as in Fig. l(b) . The dotted curve is the same as in (a). The experimental data are the same as in Fig. l(a) Figures l(a) and (b) show the present preliminary results for the AV14 and the Paris potentials, respectively, compared with the experimental data. The FSI peak mainly consists of the final spin singlet state, as was expected, and the peak at Ep ~ 5.0 MeV consists of the large final spin triplet states and the small final spin singlet state, for both the cases of potentials.
The AV14 potential produces larger FSI peak than the Paris potential. This difference comes from that of 1 ann of potentials. The theoretical FSI peak cannot be directly compared with the experimental data. The former peak must be smeared with the use of the experimental energy resolution. The smearing program code was given by Koori.17) The energy step LlEp for smearing was assumed to be 67.57 KeV which corresponds to the energy of one channel. The smeared results are shown in Figs. 2(a) and (b). Only the FSI peak is largely diminished by the smearing and the proton spectra in the other energy region (Ep < 11.2 MeV) are hardly changed. The smeared FSI peak for the AV14 potential is close to the experimental FSI peak of Ref. 13 ). The Paris potential yields smaller FSI peak after the smearing out.
A smearing method depends, in general, on the experimental condition. However, if we assume the energy step LlEp=29.6 KeV which is the energy resolution by Haight et al. and use Koori's code for the smearing out, the present result for the A V14 potential gives a consistent FSI peak with the experimental data by Haight et al. From these results, we can say that lann should be in the region between -18 and -23 fm and the difference of FSI peaks between Refs. 13) and 15) comes from the difference of the energy resolutions in the experimental condition.
The Paris potential gives a good shape of the FSI peak, although the maximum is smaller than that of the A V14 potential. If a parameter in singlet even state of the potential is modified, a closer result to the experimental data will be obtained.
In the viewpoint of whole spectra in Figs. l(a) and (b), the present results well yield the peak at Ep~5.0 MeV of Ref. 12), but yield larger proton energy spectra at the energy region Ep=6~1l MeV, compared with the experimental data of Refs. 13) and 15). This fact implies that higher partial wave states of the two-body interaction should be taken part in the calculations. § 5. Summary and discussion
We have presented a general formalism of deuteron breakup reaction induced by low energy neutron and analyzed the experimental FSI peak of the kinematically incomplete reaction. The peak comes mainly from the final spin singlet state of n-n interacting pair (total spin doublet states). The calculated FSI peak depends sensitively on lann. The lann should be in the region between -18 and -23. However, as seen from Figs. l(a) and 2(a), the value of lann close to -23 is preferable to explain experimental data.
The results of the present calculation can well explain the peak at Ep~5.0 MeV of Ref. 12) but give the large proton energy spectra at the energy region Ep=6~11 MeV, compared with the data of Refs. 13) and 15).
The cross section or the proton energy spectrum of deuteron breakup reaction is very small compared with the elastic n-D scattering. Therefore, in order to extract finer 1 ann, we will need more rigorous Faddeev calculation including higher partial waves and more precise experimental data.
